Large flowers often contain larger nectar rewards, and receive more pollinator visits, than small flowers. We studied possible behavioral mechanisms underlying the formation of flower size preferences in bumblebees, using a twophase laboratory experiment. Experimentally naive Bombus terrestris (L.) foraged on artificial flowers that bore either a large (3.8 cm diameter) or a small (2.7 cm diameter) display of a uniform color. Only flowers of one display size contained nectar rewards. We changed the display color and the locations of large and small flowers in the second experimental phase. We recorded the bees' choices in both phases. Almost half of the bees (41%) made their first visit to a small flower. The bees learned to associate display size with food reward, and chose rewarding flowers with >85% accuracy by the end of each experimental phase. Some learning occurred within the bees' first three flower visits. Learning of the sizereward association was equally good for large and small displays in the first experimental phase, but better for small displays in the second phase. Formation of size-reward associations followed a similar course in both phases. This suggests that the bees did not apply their experience from the first learning phase to the new situation of the second phase. Rather, they treated each phase of the experiment as an independent learning task. Our results suggest that associative learning is involved in the formation of preferences for large displays by bees. Moreover, bees that had learned to prefer large displays in one foraging situation may not transfer this preference to a novel situation that is sufficiently different. We propose that this feature of the bees' behavior can select for honest advertising in flowers.
Introduction
The evolution of floral display signals is believed to be influenced by the perception and behavior of their insect pollinators (Sprengel 1793; Barth 1991; Willson 1994) . Flowers that have large corollas generally produce more nectar, and attract more pollinators, than small flowers, both within and between species (Ashman & Stanton 1991; Campbell et al. 1991; Cohen & Shmida 1993) . Floral display sizes can be viewed as signals of reward, generated by flowers and received by pollinators. An important question about this signaling system is its evolutionary stability (Hasson 1994) ; that is, whether it can be invaded by 'cheater plants' that produce large displays but little or no reward (Bell 1986; Cohen & Shmida 1993) .
When considering the honesty of flower size as a signal of reward, it is important to know how the size cue is perceived and learned by pollinators. If pollinators' preferences for large displays are completely 'hard-wired', then they are not expected to discriminate against 'cheater' displays (large displays signaling high rewards but offering low rewards). Thus, 'hard-wired' preferences are expected to promote dishonest signaling. Conversely, honest signaling in respect to corolla size is predicted if pollinators form size preferences through associative learning, and can modify them easily. Such flexible learning of size-reward associations would enable pollinators to avoid large-display, low-reward species or populations with dishonest advertising. This will select against the 'cheater' phenotypes.
Two cautionary remarks are appropriate here. First, large corollas can appear small to pollinators at a large distance (Horridge et al. 1992) . Our discussion of flower size therefore refers to 'absolute size' rather than 'apparent size'. That is, we consider situations where pollinators are close enough to the flowers to perceive their sizes correctly. Secondly, flexible formation of size preferences by pollinators is not likely to prevent the appearance of rare 'cheater' mutants within populations or species of honest advertisers. In fact, pollinators favored large rewardless models of Begonia involucrata over smaller models when the mimics were placed within natural Begonia populations (Schemske & Å gren 1995) . Our question is, rather, whether pollinator behavior can select against populations of plants that consist entirely of 'cheater' individuals (i.e. against the propagation of such cheater mutants).
In the present study, we test for behavioral mechanisms that may lead to the formation of size preferences in foraging bumblebees. Our main question is to what degree such a mechanism is 'hard-wired', and to what degree it involves learning and updating. We considered the following behavioral mechanisms, listed by increasing level of behavioral flexibility:
1. Innate preference for large displays. Such inborn preference has been observed in a previous laboratory study on bumblebees, and has been ascribed to the stronger visual stimulus of large corollas (Lunau 1991) . Our experiment tried to replicate this finding with a different experimental set-up.
2. A higher propensity to associate rewards with large displays than with small displays. In other words, pollinators may learn to visit large rewarding displays more quickly than small rewarding displays (although, after sufficient training, they may learn to associate small displays with reward as well). A recent laboratory study on size learning in bumblebees provides evidence for this type of mechanism (Smithson & McNair, pers. comm.) . Moreover, differences in learning rates of several color and odor cues are known from studies on the proboscis extension reflex reaction of honeybees (Menzel 1968 (Menzel , 1990 .
3. Formation of preferences for large displays through transfer (Andersson 1985) . In other words, bees may be able to form an association between flower size and food reward in one flower species, and to apply this association later to a different species. For example, bees may learn, from previous foraging experience, that large flowers are more rewarding than small flowers. If they then transfer this association to a flower species with 'cheater' phenotypes, they will contribute to the fitness of the cheater species. The following studies demonstrate the ability of bees to transfer preferences between learning tasks. Honeybees generalize a learned geometric pattern to other similar patterns in some cases (Ronacher & Duft 1996) . Honeybees also transfer preferences for symmetrical patterns and between similar sensorimotor tasks (Giurfa et al. 1996a; Chittka & Thomson 1997) . Bumblebees are able to learn to categorize food sources according to a common color cue, and use this cue in novel foraging situations (Dukas & Waser 1994) .
4. Situation-specific learning would lead bees to associate display size with reward for each visited flower species separately. Such a behavioral mechanism is more flexible than the above-mentioned 1 mechanisms, and requires learning with each new foraging situation. Situation-specific learning should lead to preferences for those display sizes that are associated with large rewards (that is, it could also select for highly rewarding flowers with small displays). However, situationspecific learning is expected to select against plants with large displays (which are metabolically relatively easy to produce) and low nectar and pollen rewards.
Methods
We conducted the experiment in a 3 · 4 m flight room during Feb.-May 1997. The temperature in the room ranged from 21 to 32°C, relative humidity was 20-54%, and a 12 h:12 h light:dark schedule was maintained. Three Bombus terrestris colonies were obtained from a commercial supplier (Polyam Ltd., Israel). Thirty-three bumblebee workers with no previous exposure to real or artificial flowers were used for experiments. The bees were supplied with pollen ad libitum, directly to the colony. They were also allowed to feed on a 50% sucrose solution for 3 h after observation sessions. The sucrose solution was supplied in a feeder that differed from the experimental artificial flowers in size, shape, color and handling technique. The feeder was removed 14-17 h prior to the next observation session. The bees foraged for a 30% sucrose solution that was presented in artificial flowers during observation sessions, as described below. One worker, foraging singly, was observed in each session. Each worker was observed only once.
Artificial Flowers
Forty computer-controlled artificial flowers were used in the experiment. The flowers were tube-shaped and 10 cm tall. Each flower was placed above a 10 · 10 · 8 cm box that contained its electronic parts.
The design of the artificial flowers is described in detail in Keasar (2000) . Briefly, each flower consisted of a cylindrical container that held a 30% sucrose solution, and a 1-ll miniature cup that was refilled when programmed to dip into the sucrose-solution container. Only foragers that landed on the top part of the flowers and probed them correctly were able to access this cup and feed. According to experimental design, the flowers were either programmed to refill once every minute (rewarding flowers), or their sugar solution was inaccessible to the bees throughout the experiment (non-rewarding flowers). Twenty of the flowers bore a round detachable plastic display disc of 2.7 cm diameter (small flowers) as signals for possible available nectar. The other 20 flowers bore a display disc of the same color, but with a diameter of 3.8 cm (large flowers). The display area of each large flower (11.3 cm 2 ) was thus twice the display area of each small flower (5.7 cm 2 ). Large and small flowers were identical in morphology and dimensions, and were equally accessible to the bees. The flowers were assigned semirandomly to 40 out of 120 possible positions on a 240 · 140 cm hardwood table in the following manner: We divided the 6 · 20 position grid on the table into eight equal-sized smaller units, and assigned five artificial flowers to random locations within each subunit. Thus, we generated a spatial distribution that was less ordered than uniform, and less clustered than Poisson. We assigned to each flower either a small or a large removable plastic display disc in each of the experimental phases. The large and small displays were assigned separately and independently for each phase. Thus, there was a different spatial location for some small and large displays in the two consecutive experimental phases. This was done to diminish the effect of location learning on the bees' choice performance. After a visit to an artificial flower, the bees typically alighted, flew at 10-15 cm height over the table for 5-7 s, and landed on the next flower. Consecutive visits sometimes, but not always, involved neighboring flowers.
Experimental Design
A preliminary experiment indicated that the bees' choice performance in the size-learning task reaches steady state after 30-45 min of foraging. Each observation session therefore consisted of two 50-min phases. We tested for the formation of associations between display size and food rewards by a single forager in each phase. In the first phase we measured the bees' ability to associate display size with reward in an array of flowers with a uniform color display. We repeated this learning task in the second phase, but used a different display color for the artificial flowers. The experimental phases were separated by a 15-min break. Nineteen of the bees were presented with small flowers that contained 1-ll nectar rewards, and with large flowers that contained no nectar, in both experimental phases. Eight of these bees were presented with small and large yellow displays in their first phase and with small and large blue flowers in the second phase (treatment y-b). The remaining 11 bees were exposed to blue displays in the first experimental phase and to yellow displays in the second phase (treatment b-y). A similar design was used for the remaining 14 bees that were presented with large rewarding flowers and small non-rewarding flowers in both experimental phases (treatments Y-B and B-Y; Table 1 ). Each forager's flower choices were manually recorded at 0-5, 15-20, 30-35 and 45-50 min of each experimental phase, resulting in eight 5-min records for each bee. Bees with incomplete data records (for example, individuals that did not complete the experiment) were excluded from the data analysis. This led to unequal sample sizes between treatments.
The experiment enabled us to test for the four hypotheses introduced above, concerning the formation of preferences to large displays by bees.
1. The innate preference hypothesis. This hypothesis can be rejected if bees visit large and small displays equally frequently during their first foraging visits. Our experimental design did not control for the bees' genetic make-up, motivational state, and early experience with the sucrose feeder. Therefore, an early size preference would not necessarily indicate innate preference, since it could result from additional factors.
2. The differential propensity of learning hypothesis. This hypothesis can be rejected if bees do not perform better in treatments with large rewarding flowers (B-Y and Y-B) than in treatments with small rewarding flowers (b-y and y-b). As with the previous hypothesis, differential choice performance with large and small rewarding flowers can also be explained by the bees' genetic predisposition, past experience or motivational state.
3. The transfer hypothesis. This hypothesis predicts that the bees' choice performance in the second experimental phase will be better than their performance in the first phase.
4. The situation-specific learning hypothesis. According to this hypothesis, no differences in choice performance are expected between treatments and between experimental phases. We used four behavioral parameters to characterize the bees' choice performance in each of the two experimental phases. They were the choice proportions of small flowers: (i) throughout each whole phase, (ii) in the first 5 min of each phase, (iii) in the last 5 min of each phase, and (iv) in the very first three flower visits. There were no significant effects of flower color on the variance of any of these parameters (one-way ANOVA, p ‡ 0.10 for all eight tests). We therefore pooled data of treatments with small rewarding flowers (b-y and y-b), and of treatments with large rewarding flowers (B-Y and Y-B) for further analysis.
We calculated the proportions of visits to rewarding flowers and to large/ small flowers in the different treatments and experimental phases. Proportions were normalized through arcsine transformations prior to statistical analysis.
Results

Initial Choices and the Formation of Size-Reward Associations
Forty-one per cent of all bees in the experiment made their first visit to a small flower. This proportion is not significantly different from 0.5 (p ¼ 0.097 for a binomial distribution with a mean of 0.5, power ¼ 0.73). The initial frequency of choice of small flowers was not affected by display color. We calculated the proportion of visits to rewarding flowers in each bee's first three flower visits as a measure of early learning. This mean proportion was 0.66 ± 0.07 (SE) for bees that were rewarded in small flowers and 0.43 ± 0.08 (SE) for bees that obtained reward in large flowers. The difference between these mean proportions was not statistically significant (two-tailed t-test, t ¼ 0.91, p ¼ 0.37). The proportion was not significantly different from 0.5 for bees that were rewarded in small flowers (G ¼ 7.01) or in large flowers (G ¼ 4.62). Fifty and sixty-five per cent of the bees that chose a rewarding flower on their first visit fed on a rewarding flower on their second and third visits, respectively.
The bees developed a preference for the rewarding display size in all experimental treatments and both experimental phases (Fig. 1) . The differences in choice proportions of small rewarding displays and large rewarding displays in the first experimental phase were not statistically significant (power ¼ 0.97).
Choice Performance in First vs. Second Experimental Phases
We compared the bees' choice performance between experimental phases in order to detect possible transfer of size-reward associations. Choice proportions of rewarding flowers were somewhat higher at the beginning (first 5-min record) of the second experimental phase than at the start of their first phase: 0.67 ± 0.04 vs. 0.60 ± 0.04 for small rewarding displays, and 0.66 ± 0.03 vs. 0.57 ± 0.05 for large rewarding displays. However, these differences were not statistically significant (Fischer's statistic for combining independent probabilities ¼ 7.73, df ¼ 4, power ¼ 0.9, power ¼ 0.8 for small rewarding displays, <0.75 for large rewarding displays, Sokal & Rohlf 1995, pp. 794-797) . The overall proportion 3 of choices of rewarding flowers was higher in the second phase than in the first phase for bees foraging for small displays, but not for large displays (Fig. 2) . The power of the comparison for flowers with large rewarding displays was 0.96. We estimated the strength of the size-reward associations by calculating the proportion of visits to rewarding flowers, combined from all four 5-min records within each phase. Each bee contributed a single observation (the proportion of visits to rewarding flowers over all records within a phase) to this test. In the second phase of the experiment, this proportion was significantly higher for small rewarding displays than for large rewarding displays (Fig. 2) . We also compared the proportion of visits to rewarding flowers during the last 5 min of the experimental phases. This parameter estimates the maximal strength of size-reward associations attained during the experimental phase, as the learning curves are monotonously increasing. This proportion was also significantly higher for small rewarding displays than for large rewarding displays at the end of the second phase (p < 0.05, two-tailed t-test, df ¼ 31).
Discussion
The bumblebees were able to associate the display sizes used in the experiment with reward. No statistically significant display-size preference was observed in the bees' very first flower visit, contrary to the prediction of the innate preference hypothesis. This is consistent with Lunau's (1991) finding that bees preferred large flowers over small flowers up to a floral diameter of 16 mm, but not when displays were 16-32 mm in diameter. A possible reason for the indifference to size in the bees' first choices is that the floral displays in the present experiment were rather large (2.7 cm and 3.8 cm diameter), so that even the small display could probably be well detected by the bees. Thus Lunau's (1991) suggestion that small displays provide an insufficient visual stimulus to pollinators may not apply to our study. In addition, the low power of the test for initial preferences suggests that our sample may be too small to enable strong conclusions to be drawn. Bees did not show a statistically significant preference for the rewarding display size after the first three flower visits. This suggests that the formation of size-reward associations in bees may be slower than the formation of odor-reward and color-reward associations (Menzel 1968 (Menzel , 1990 . The absence of preference for rewarding flowers during the bees' first visit also suggests that the bees were not able to detect the rewarding flowers from a distance, without probing them.
Acquisition of the size-reward association was better for small displays than for large displays in the second experimental phase. A previous study reports a different pattern (Smithson & McNair, pers. comm.) , possibly because of the use of different display sizes, reward schedules, and training schedules for a difficult task (Zhang & Srinivasan (1994) stress the importance of these parameters). Both this finding and the bees' initial size choices suggest that the visual stimulus produced by the small displays in the present study was at least as strong as the stimulus produced by the large displays. Our results thus do not support the learning propensity hypothesis, which predicts that size-reward associations would form more readily for large displays than for small displays.
Evidence for transfer of size-reward associations (Andersson 1985) in the present study is inconclusive. Bees that learned to associate small displays with reward in the first experimental phase partially transferred this association to the second phase (Fig. 2, black bars) . However, we did not observe a transfer of the association between large displays and reward between phases (Fig. 2, white  bars) . Similarly, bumblebees did not transfer a color-reward association between experimental phases in a previous study (Dukas 1995) . Honeybees that were trained to associate simple geometric patterns with food rewards also transferred this association to some, but not all, related patterns (Ronacher & Duft 1996) . Bees do show transfer between similar sensorimotor tasks (Chittka & Thomson 1997) . After exposure to many sets of stimuli, they also learn to transfer associations between reward and display symmetry to novel situations (Giurfa et al. 1996a) . A possible interpretation of our findings is that our second-phase learning task was sufficiently different from the first-phase task to prevent effective transfer, or that we used too few training stimuli to allow transfer. Alternatively, bees may have learned the relevant size-reward association for each foraging situation independently, as predicted by our situation-specific learning hypothesis. Similarly in nature, bees may not transfer size-reward associations between species with very different displays. However, our experiment does not preclude the possibility that they may transfer size-reward associations between very similar situations after extensive practice.
Our results suggest that the evolution of corolla size as an honest signal of floral reward can be promoted by the learning behavior of pollinating bees. 'Cheater' species (large displays and small rewards) that are highly dependent on insect pollination can only evolve and prevail if they are able to attract pollinators (Bell 1986; Cohen & Shmida 1993) . This can happen if pollinators (a) innately prefer large floral displays, (b) learn large displays more readily than small displays, or (c) have learned to prefer large displays in a different situation, and have transferred this preference to the 'cheater' plant. In our experiment, none of these mechanisms greatly affected the bees' floral choices. Thus, bumblebees are not likely to be tricked into pollinating low-reward flowers, even if they have larger corollas than other species. Other cues, such as odor, probably have a larger role in pollination mimicry systems (von Frisch 1967; Gould 1993) . Alternatively, bees may forage on large, conspicuous flowers with low nectar rewards if they require a much shorter search time than small flowers, and thus offer high energy intake rates. In other words, flowers may benefit from having large displays that make them more detectable to pollinators, irrespective of the reliability of the size signal.
Several additional hypotheses have been proposed for the evolution of 'cheater plants' with large displays. First, in order to learn to associate large displays with high rewards, inexperienced bees have to sample a wide variety of flower species (Heinrich 1979) . During this learning and sampling phase, 'cheater' plants may receive some pollinator visits (Nilsson 1992) . The ability of 'cheater plants' to trick bees by mimicking rewarding flowers also depends on the relative frequencies of rewarding and 'cheater' plants (Smithson & MacNair 1996 . Lastly, large flowers are easier to detect from a distance. Therefore having large flowers, regardless of reward, is advantageous in all situations where detectability is a limiting factor (when the spatial density of flowers is low, colors are poorly contrasting, etc; Giurfa et al. 1996b ). Our results are indirectly consistent with these suggestions, since they show no preference for large displays when pollinator experience, flower-type frequencies and floral detectability are held constant.
